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5HFHQW DGYDQFHV LQPHGLFDO LPDJLQJ DQGPDQXIDFWXULQJ VFLHQFHKDYHHQDEOHG WKHGHVLJQ DQGSURGXFWLRQRI FRPSOH[ SDWLHQW
VSHFLILF RUWKRSDHGLF LPSODQWV $GGLWLYH0DQXIDFWXUH $0 JHQHUDWHV WKUHHGLPHQVLRQDO VWUXFWXUHV OD\HU E\ OD\HU DQG LV QRW
VXEMHFWWRWKHFRQVWUDLQWVDVVRFLDWHGZLWKWUDGLWLRQDOPDQXIDFWXULQJPHWKRGV$0SURYLGHVVLJQLILFDQWRSSRUWXQLWLHVIRUWKHGHVLJQ
RIQRYHOJHRPHWULHVDQGFRPSOH[ODWWLFHVWUXFWXUHVZLWKHQKDQFHGIXQFWLRQDOSHUIRUPDQFH+RZHYHUWKHGHVLJQDQGPDQXIDFWXUH
RISDWLHQWVSHFLILF$0LPSODQWVWUXFWXUHVUHTXLUHVXQLTXHH[SHUWLVHLQKDQGOLQJYDULRXVRSWLPL]DWLRQSODWIRUPV)XUWKHUPRUHWKH
GHVLJQSURFHVVIRUFRPSOH[VWUXFWXUHVLVFRPSXWDWLRQDOO\LQWHQVLYH7KHSULPDU\DLPRIWKLVUHVHDUFKLVWRHQDEOHWKHMXVWLQWLPH
FXVWRPLVDWLRQRI$0SURVWKHVLVZKHUHE\$0 LPSODQW GHVLJQDQGPDQXIDFWXUHEHFRPSOHWHGZLWKLQ WKH WLPHFRQVWUDLQWV RI D
VLQJOH VXUJLFDO SURFHGXUHZKLOHPLQLPLVLQJ SURVWKHVLVPDVV DQG RSWLPLVLQJ WKH ODWWLFH VWUXFWXUH WRPDWFK WKH VWLIIQHVV RI WKH
VXUURXQGLQJERQHWLVVXH,QWKLVUHVHDUFKDGHVLJQDSSURDFKXVLQJUDZ&7VFDQGDWDLVDSSOLHGWRWKH$0PDQXIDFWXUHRIIHPRUDO
SURVWKHVLV8VLQJ WKH SURSRVHG MXVWLQWLPH FRQFHSW WKHPDVV RI WKH SURVWKHVLVZDV UDSLGO\GHVLJQHG DQGPDQXIDFWXUHGZKLOH
VDWLVI\LQJWKHDVVRFLDWHGVWUXFWXUDOUHTXLUHPHQWV&RPSUHVVLYHWHVWLQJRIODWWLFHVWUXFWXUHVPDQXIDFWXUHGXVLQJSURSRVHGPHWKRG
VKRZV WKDW WKH ORDG FDUU\LQJ FDSDFLW\ RI WKH UHVHFWHG FRPSRVLWH ERQH FDQ EH UHFRYHUHG E\ XS WR  DQG WKH FRPSUHVVLYH
VWLIIQHVVRIWKH$0SURVWKHVLVLVVWDWLVWLFDOO\LQGLVWLQJXLVKDEOHIURPWKHVWLIIQHVVRIWKHLQLWLDOERQH
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,QWURGXFWLRQ
7KLVUHVHDUFKFRQWULEXWHVWRWKHILHOGRIMXVWLQWLPHSDWLHQWVSHFLILF$0LPSODQWGHVLJQ$FFRUGLQJWRWKHMXVWLQ
WLPH FRQFHSW SDWLHQWVSHFLILF RUWKRSDHGLF $0 LPSODQWV IRU H[DPSOH DV XVHG LQ WKH VXUJLFDO WUHDWPHQW RI
2VWHRVDUFRPD26ZLOOEHGHVLJQHGPDQXIDFWXUHGDQGLPSODQWHGZLWKLQWKHWLPHFRQVWUDLQWVRIDVLQJOHVXUJLFDO
SURFHGXUH 6KLGLG /HDU\ HW DO  7R HQDEOH VXFK D FRPSUHVVHG IDEULFDWLRQ VFKHGXOH LW LV LPSHUDWLYH WKDW
SURGXFWLRQHUURUDQGVRXUFHVRIXQFHUWDLQW\EHHOLPLQDWHGRUPLQLPLVHG7KLVUHTXLUHVWKDWGHVLJQSURFHVVHVDQGWRROV
EHKLJKO\HIILFLHQW DXWRPDWHGDQGEDVHGRQ V\VWHPDWLFXQGHUVWDQGLQJRI ODWWLFHPDQXIDFWXUDELOLW\ DQGDVVRFLDWHG
VWUXFWXUDO UHVSRQVH $GGLWLYH 0DQXIDFWXUH RU ' SULQWLQJ UHIHUV WR PHWKRGV WKDW JHQHUDWH WKUHHGLPHQVLRQDO
VWUXFWXUHV OD\HU E\ OD\HU $670  $GGLWLYH 0DQXIDFWXULQJ $0 LV GLIIHUHQWLDWHG IURP FRQYHQWLRQDO
PDQXIDFWXULQJSURFHVVHVDVWKHPDWHULDOLVDGGHGLQVWHDGRIVXEWUDFWHGDVLVIRUFRQYHQWLRQDOPDFKLQLQJSURFHVVHV
$GGLWLYH PDQXIDFWXULQJ SURFHVVHV DUH QRW VXEMHFW WR WKH FRQVWUDLQWV DVVRFLDWHG ZLWK WUDGLWLRQDO PDQXIDFWXULQJ
PHWKRGV DQG SURYLGH VLJQLILFDQW RSSRUWXQLWLHV IRU WKH GHVLJQ RI QRYHO JHRPHWULHV DQG FRPSOH[ LQWHUQDO ODWWLFH
VWUXFWXUHV HQKDQFH VWUHQJWKWRZHLJKW UDWLR LQ FRPSDULVRQZLWK WUDGLWLRQDOPDQXIDFWXULQJPHWKRGV2QH VXFK$0
WHFKQRORJ\ LV6HOHFWLYH/DVHU0HOWLQJ6/0ZKLFKHQDEOHV WKHIDEULFDWLRQRIKLJKFRPSOH[LW\FXVWRPLVHG ODWWLFH
VWUXFWXUHV6/0XWLOLVHVDODVHUWRIXVHSRZGHUHGPHWDOWRIDEULFDWHWKHUHTXLUHGJHRPHWU\OD\HUE\OD\HU
3UHVHQWGD\VXUJHU\XWLOLVHVVRSKLVWLFDWHGWHFKQLTXHVVXFKDVKLJKUHVROXWLRQLPDJLQJWRHQDEOHUREXVWDQGHDUO\
GLDJQRVLVRIGLVHDVH5HQ$YLODHWDO:DQJ.LPEUHOOHWDOVWDWHRIWKHDUWPRGHOOLQJWHFKQLTXHVWR
HQDEOHDFFXUDWHSUHVXUJLFDOSODQQLQJ.HPPRNX/DXUHWLHWDO$PHGGDKDQG$VVDV5RVVL)UHLUHHWDO
VXUJLFDOURERWLFVDQGYLVLRQV\VWHPVWRHQVXUHVDIHH[HFXWLRQRIWKHLQWHQGHGVXUJLFDOSURFHGXUH7D\ORUDQG
6WRLDQRYLFL  *QJ|U $IúDU HW DO  VLPXODWH VXUJLFDO DQG WUHDWPHQW PHWKRGV IRU UDSLG VXUJHULHV DQG
DFFXUDWHO\WDUJHWHGPHGLFLQH/HWKDXV3RRUWHWDO/HDU\.URQHWDODQGPLQLPDOO\LQYDVLYHVXUJLFDO
PHWKRGV5RVHQDQG3RQVN\)XFKV7KHVHVXUJLFDO LQQRYDWLRQV UHVXOW LQ IHZHUFRPSOLFDWLRQVGXULQJ
VXUJHU\ UDSLG UHFRYHU\ DQG UHGXFHG KRVSLWDOLVDWLRQ IRU WKH SDWLHQW DQG UHGXFHG OLNHOLKRRG RI UHYLVLRQ VXUJHU\
$GGLWLYH0DQXIDFWXUH$0LVHPLQHQWO\FRPSDWLEOHZLWKWKHVXUJLFDOUHTXLUHPHQWVRISDWLHQWVSHFLILFFRPSRQHQW
PDQXIDFWXUH DQGSUHVHQWV D VLJQLILFDQWRSSRUWXQLW\ WR UHGXFHSRWHQWLDO ULVNV IRU VXUJHRQDQGSDWLHQWDQGHQKDQFH
TXDOLW\RIOLIHIRUSDWLHQWV7KLVUHTXLUHVWKDWWKHSURVWKHVLVGHVLJQVDWLVILHVWKHDVVRFLDWHG
x PDQXIDFWXULQJFRQVWUDLQWV
x VXUJHU\WLPHFRQVWUDLQWVDQG
x SDWLHQWVSHFLILFORDGLQJFRQGLWLRQV
7RDFKLHYHDERYHPHQWLRQHGGHVLJQFULWHULD WKHXVHRIFHOOXODUVWUXFWXUHV LVSURSRVHG&HOOXODUPDWHULDOVRFFXU
QDWXUDOO\LQQHDUO\DOOOLYLQJWLVVXHVDQGGLVSOD\RSWLPLVHGSURSHUWLHVLQFOXGLQJVWUHQJWKWRZHLJKWUDWLR*LEVRQDQG
$VKE\  0D]XU /HDU\ HW DO  VWLIIQHVV WR ZHLJKW UDWLR WKHUPDO FRQGXFWLYLW\ RU LQVXODWLRQ DFRXVWLF
DEVRUSWLRQDQGJDVSHUPHDELOLW\5HKPH3HULRGLFFHOOXODUVWUXFWXUHVRUODWWLFHVWUXFWXUHVDUHDFODVVRIFHOOXODU
VWUXFWXUHVFKDUDFWHULVHGE\UHJXODUO\RULHQWHGVWUXFWXUDOIHDWXUHVVXFKDVKRQH\FRPEVWUXFWXUHVDQGHQJLQHHUHGODWWLFH
VWUXFWXUHV$ODWWLFHVWUXFWXUH LQWKHVWUXFWXUDOHQJLQHHULQJFRQWH[W LVDQDUUD\RIVWUXWVWKDWPD\EHSLQMRLQWHGRU
ULJLGO\ ERQGHG DW WKHLU LQWHUVHFWLRQ 6FKHIIOHU DQG &RORPER  /DWWLFH VWUXFWXUHV DUH DSSOLHG LQ D YDULHW\ RI
OLJKWZHLJKWORDGEHDULQJVWUXFWXUHVLQDUFKLWHFWXUHDQGFLYLOHQJLQHHULQJIRUH[DPSOHLQWKHFRQVWUXFWLRQRIEXLOGLQJV
(OOLQJZRRG5RVRZVN\ HW DO  EULGJHV )UDQJRSRO DQG&XUOH\  DQG WUDQVPLVVLRQ WRZHUV 5DMHHY DQG
.ULVKQDPRRUWK\
*HQHUDWLQJ ODWWLFH VWUXFWXUHV IRU UHJXODU JHRPHWULHV LQFOXGLQJ RUWKRJRQDO SULVPDWLF RU V\PPHWULF REMHFWV LV
UHODWLYHO\HDV\GXHWRWKHREMHFW¶VSUHGLFWDEOHJHRPHWU\KRZHYHULUUHJXODUIUHHIRUPJHRPHWULHVDUHFKDOOHQJLQJWR
WHVVHOODWH ZLWK SHULRGLF ODWWLFHV W\SLFDOO\ UHTXLULQJ WKH GHVLJQHU WR WUDGHRII VWUXFWXUDO LQWHJULW\ ZLWK DVVRFLDWHG
ODWWLFH JHRPHWULF FRQIRUPLW\ 7KH JHQHUDWLRQ RI SHULRGLF ODWWLFH VWUXFWXUHV FRQIRUPDO WR LUUHJXODU JHRPHWULHV LV
FXUUHQWO\DFKLHYHGE\WKHXVHRI%RROHDQ0HWKRG0DJLFV:LWKLQ%RROHDQRSHUDWLRQVPD\EHDSSOLHG
WR WZRRUPRUH 'REMHFWV WR IRUP WKH%RROHDQXQLRQ LQWHUVHFWLRQRU FRPSOHPHQW DV UHTXLUHG &KHQ )RU
FUHDWLQJFRQIRUPDOODWWLFHVWUXFWXUHVXVLQJ%RROHDQPHWKRGDUHIHUHQFHODWWLFHVWUXFWXUHLVLQWHUVHFWHGE\WKHVKHOOHG
REMHFW DQG WKHQ WKH WZR DUH XQLWHG 7KH %RROHDQ PHWKRG LV D FRPSXWDWLRQDOO\ HIILFLHQW PHWKRG RI JHQHUDWLQJ
FRQIRUPDOSHULRGLFODWWLFHVWUXFWXUHVDQGFRQVHTXHQWO\LVFRPPRQO\LPSOHPHQWHGLQ67/SURFHVVLQJVRIWZDUH
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
;ĂͿ

;ďͿ

;ĐͿ
)LJDIUHHIRUPLUUHJXODUVKDSHWREHILOOHGZLWKDSHULRGLFODWWLFHVWUXFWXUHELQWHUVHFWLRQZLWKSHULRGLFXQLWFHOODUUD\DQGFRXWFRPHRI
WKH%RROHDQPHWKRGVKRZLQJWKHLQWHUVHFWLRQRIVWUXWVUHVXOWLQJLQVWUHVVFRQFHQWUDWLRQDQGPLVPDWFKEHWZHHQVXUIDFHDQGODWWLFH
$V VKRZQ LQ )LJ F WKH %RROHDQ PHWKRG LV VXEMHFW WR GLVFUHWL]DWLRQ HUURU UHVXOWLQJ LQ WKH LQWHUVHFWLRQ RI
XQFRQVWUDLQHGVWUXWVZLWKWKHFRQIRUPDOVXUIDFH%HFDXVHRIWKLVHIIHFWWKHHQVXLQJODWWLFHVWUXFWXUHLVQRWFRUUHFWO\
FRQIRUPDOWRWKHVXUIDFHRIWKHLQWHQGHGYROXPH+HQFHWKHORDGVDQGERXQGDU\FRQGLWLRQVDSSOLHGWRWKHVXUIDFH
PRGHO PD\ QRW EH UREXVWO\ WUDQVIHUUHG WR WKH ODWWLFH VWUXFWXUH )XUWKHUPRUH %RROHDQ PHWKRGV GR QRW HQVXUH
LQWHUVHFWLRQ RI WKH ODWWLFH ZLWK VXUIDFH QRGHV UHVXOWLQJ LQ VWUHVV FRQFHQWUDWLRQV DV DSSOLHG ORDGV PD\ QRW EH
WUDQVIHUUHG WR WKH VXUURXQGLQJ QRGHV 6XFK VWUXFWXUHV DUH DOVR GLIILFXOW WR RSWLPLVH DQG UHTXLUH WKH XVH RI )(0
PRGHOOLQJ GXH WR WKH DVVRFLDWHG VROLG VHFWLRQ SURSHUWLHV 7R DGGUHVV WKHVH LGHQWLILHG OLPLWDWLRQV D QRYHO GHVLJQ
PHWKRG LV SURSRVHG ZKHUHLQ WKH ',&20 GDWD LV VHPLDXWRPDWLFDOO\ FRQYHUWHG LQWR SHULRGLF ODWWLFH VWUXFWXUH
6KLGLG/HDU\HWDO
3URSRVHG'HVLJQ0HWKRGRORJ\
7KH SURSRVHG ',&20WR/DWWLFH VWUXFWXUHPHWKRG FRQYHUWV '',&20 VOLFHV LQWR SHULRGLF ODWWLFH VWUXFWXUHV
ZLWKRXW WKHQHHGIRU'UHFRQVWUXFWLRQV7KHSURSRVHGPHWKRGDYRLGVPDQXDO LQWHUYHQWLRQGDWDFRQGLWLRQLQJDQG
VPRRWKLQJ RSHUDWLRQV DQG UHVXOWV LQ WKH UDSLG JHQHUDWLRQ RI KLJK ILGHOLW\ FRQIRUPDO ODWWLFH VWUXFWXUHV ZLWK KLJK
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JHRPHWULFDODFFXUDF\


;ĂͿ

;ďͿ
)LJD&7VOLFHVKRZLQJWKHGLVWDOIHPXUDIIHFWHGE\WKHRVWHRVDUFRPDOHVLRQZLWKHYLGHQWFDOFLILFDWLRQDQGEUHJLRQRILQWHUHVWVKRZLQJ
XVHUGHILQHGQDWXUDOWLVVXHERXQGDU\DQGVXUJLFDOPDUJLQV
7KH&7 VFDQ VOLFH RIGLVWDO IHPXU DIIHFWHGE\2VWHRVDUFRPD WXPRU LV VKRZQ LQ)LJ D&DOFLILFDWLRQRI WKH
WXPRU FDQ DOVR EH REVHUYHG UHVXOWLQJ LQ LQGLVWLQJXLVKDEOH JUH\ YDOXH RI WKH WXPRXU DQG ERQH WLVVXH PDNLQJ
DXWRPDWLFWLVVXHERXQGDU\GLIILFXOW)RUVXFKFDVHVDYLUWXDOUHVHFWLRQWRROLVSURYLGHGZLWKLQ',&20WRODWWLFHWRRO
WR HQDEOH PDQXDO GHILQLWLRQ RI WLVVXH ERXQGDU\ DQG UHVHFWLRQ PDUJLQV DV VKRZQ LQ )LJ E 6XUJLFDO PDUJLQ
GHILQLWLRQ LV WKHQ DXWRPDWLFDOO\ DSSOLHG WR DOO VOLFHV RI LQWHUHVW DQG FRQWRXUV DUH FROOHFWHG IRU ODWWLFH VWUXFWXUH
JHQHUDWLRQ /DWWLFH VWUXFWXUH LV WKHQ JHQHUDWHG EDVHG RQ XVHU GHILQHG XQLW FHOO VL]H DQG W\SH 7R HQDEOH UDSLG
YLVXDOLVDWLRQ WKHXVHU FDQ VHOHFW WRYLHZ ODWWLFH LQ FRPSXWDWLRQDOO\ HIILFLHQWPDS IRUP )LJD DQG ERU67/
IRUPDVVKRZQLQ)LJF


;ĂͿ ;ďͿ ;ĐͿ
)LJ/DWWLFHFDJHPDSVZLWKOD\HUWKLFNQHVVDPPEPPDQGFFRQVWUXFWHGODWWLFHVWUXWVL]H±PPLQ67/IRUPDW
7KHODWWLFHVWUXFWXUHZDVVXEMHFWHGWRPDQXIDFWXUDELOLW\DQDO\VLVEDVHGRQHVWDEOLVKHGWKUHVKROGV0D]XU/HDU\HW
DO


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x 0LQLPXPPDQXIDFWXUDEOHVWUXWDQJOH
x 0LQLPXPPDQXIDFWXUDEOHVWUXWGLDPHWHUP
7KH VWUXWV WKDW GR QRW VDWLVI\ WKH LGHQWLILHG WKUHVKROG DUH UHPRYHG WR REWDLQ PDQXIDFWXUDEOH ODWWLFH VWUXFWXUH
0DQXIDFWXUDELOLW\RIWKHODWWLFHVWUXFWXUHLVHQKDQFHGXVLQJDFXVWRPGHYHORSHGRSWLPDORULHQWDWLRQDOJRULWKPZLWK
WKH REMHFWLYH IXQFWLRQ RI PD[LPXP PDQXIDFWXUDELOLW\ 7KH RSWLPDO RULHQWDWLRQ DOJRULWKP LWHUDWLYHO\ URWDWHV WKH
ODWWLFHVWUXFWXUHDURXQG;DQG<D[HVWRREWDLQWKHRSWLPXPVROXWLRQDVVKRZQLQ)LJ

)LJ6WUDWHJLHVIRUVHOHFWLRQRIRSWLPDORULHQWDWLRQVKRZLQJRSWLPXP X (22Û) DQGY(132Û)RULHQWDWLRQVIRUWKHREMHFWLYHIXQFWLRQRIPD[LPXP
VWUXWVPDQXIDFWXUDEOH0DQXIDFWXUDEOHDQJOHWKUHVKROG 5DQJHRIODWWLFHURWDWLRQDERXWXDQGY D[HV WR
7KHRXWFRPHRI WKHRSWLPDORULHQWDWLRQDOJRULWKPVHOHFWHGWKHRULHQWDWLRQRI;DWÛDQG<DWÛ WRHQVXUH
DSSUR[LPDWHO\PDQXIDFWXUDELOLW\*HRPHWULF FRQIRUPLW\RI WKH HQVXLQJ ODWWLFH LPSODQWZDVYDOLGDWHG DJDLQVW
'UHFRQVWUXFWLRQJHQHUDWHGXVLQJ0LPLFV ,QQRYDWLRQ6XLWH0DWHULDOLVH0LPLFV7KHHQVXLQJ ODWWLFHVWUXFWXUH
ZDVVXEMHFWHGWRLWHUDWLYHVWUXFWXUDORSWLPLVDWLRQEDVHGRQ6WUHVVDQG%XFNOLQJFULWHULDDVGHVFULEHGLQWKHIROORZLQJ
VHFWLRQV
,WHUDWLYH6WUXFWXUDO2SWLPLVDWLRQ
,Q WKHVWLIIQHVVRSWLPLVDWLRQPHWKRG IRUFHGLVSODFHPHQW UHODWLRQVKLSVDUHFKDUDFWHULVHGE\ WKH ORFDODQGJOREDO
VWLIIQHVVPDWUL[7RGHWHUPLQHIRUFHVJOREDOO\WKHVWLIIQHVVPHWKRGXVHVIROORZLQJIRUFHGLVSODFHPHQWUHODWLRQVKLS
EDVHGRQ+RRN¶VODZZKLFKVWDWHVWKDWWKHDSSOLHGIRUFHLVGLUHFWO\SURSRUWLRQDOWRWKHVWUXFWXUHGHIRUPDWLRQ
 
 ൌ  ሾܭሿ ൉ ݑሺܰሻ 

:KHUHWKHIRUFHf,LVDSURGXFWRIWKHVWLIIQHVVKDQGDEVROXWHGLVSODFHPHQWu)RUD'WUXVVFRQILJXUDWLRQWKH
VWLIIQHVVPDWUL[LV
3.1. Stress-based sizing optimisation criterion 
6WUXWLQWHUQDOVWUHVVHVDUHFDOFXODWHGXVLQJWKHVWLIIQHVVPHWKRGDQGWKHVWUXWFURVVVHFWLRQLVWKHQPRGLILHGEDVHG
RQWKHREVHUYHGVWUHVVUDWLRDVIROORZV
 
ܣ௡ ൌ ܣ௖ ൈ ቀ
ఙ೎
ఙೌ೗೗
ቁ 

:KHUH
Ac &XUUHQWFURVVVHFWLRQ
An 0RGLILHGFURVVVHFWLRQ
ıc  6WUHVVLQWKHVWUXW  
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ıall $OORZDEOHVWUHVV
%DVHGRQWKHDVVRFLDWHGORDGLQJFRQGLWLRQVWKHVWUXWVPD\EHVXEMHFWHGWRFRPSUHVVLYHDQGWHQVLOHVWUHVVHV7KH
VWUXWVVHFWLRQVLWHUDWLYHO\HYROYHWRVDWLVI\DOORZDEOHVWUHVVFULWHULRQ 
3.2. Buckling optimisation criterion 
/DWWLFHVWUXWVWKDWGRQRWVDWLVI\WKHPDQXIDFWXUDEOHDQJOHWKUHVKROGDUHUHPRYHGDQGWKHUHVLGXDOVWUXWVVHFWLRQV
DUHPRGLILHGEDVHGRQUHYLVHGVWUHVVUHVSRQVH DERYH+RZHYHU WKH UHPRYDORIVWUXWVPD\UHVXOW LQPXOWLSOHFR
OLQHDUVWUXWVDVVKRZQLQ)LJXUH:KHQVXEMHFWHGWRFRPSUHVVLYHIRUFHVWKHVHFROLQHDUVWUXWVPD\EHKDYHDVORQJ
FROXPQVWKDWDUHSURQHWRSUHPDWXUHEXFNOLQJ

)LJ)RUPDWLRQRIVWUXWFRQILJXUDWLRQSURQHWREXFNOLQJ
7RDYRLGEXFNOLQJIDLOXUHRIWKHVWUXWVVKRZQLQ)LJXUHWKHVHFWLRQVDUHVXEMHFWHGWRVL]LQJRSWLPLVDWLRQEDVHG
RQEXFNOLQJRSWLPLVDWLRQFULWHULRQDV
 
ܣ௡ ൌ ܣ௖ ൈ ቀ
ி
ி಴
ቁ  


:KHUH
) ,QWHUQDOIRUFHH[SHULHQFHGE\WKHVWUXW
)F &ULWLFDOEXFNOLQJIRUFH
&ULWLFDOEXFNOLQJIRUFHPD\EHGHWHUPLQHGXVLQJHTXDWLRQDV

 ܨ௖ ൌ
గమாூ
ሺ௞௅ሻమ
 


:KHUH
( <RXQJ¶VPRGXOXV
, 6HFRQGPRPHQWRIDUHD
N &ROXPQHIIHFWLYHOHQJWKIDFWRU
/ /HQJWKRIWKHVWUXW
7KHPD[LPXPYDOXHRI$QIURP WKH VWUHVVEDVHG DQGEXFNOLQJRSWLPLVDWLRQ LV FKRVHQDV WKHRSWLPDO DUHD IRU WKH
VSHFLILFVWUXWRILQWHUHVW

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
)LJ(YROXWLRQRIHOHPHQWVWUHVVRYHUQXPEHURILWHUDWLRQV
)LJ  VKRZV HYROXWLRQ RI VWUXW LQWHUQDO VWUHVV RYHU  LWHUDWLRQV $V D IDFWRU RI VDIHW\ WKH PD[LPXP VWUHVV
WKUHVKROGLVVHWDW03D7KHVWLIIQHVVPHWKRGSURYLGHVDUDSLGDOWHUQDWLYHWR)LQLWH(OHPHQWDQDO\VLVIRUODWWLFH
VWUXFWXUHRSWLPLVDWLRQZLWKLGHQWLFDOUHVXOWV
([SHULPHQWDOUHVXOWVDQGGLVFXVVLRQ
7KH SHUIRUPDQFH RI WKH SURSRVHG ODWWLFH VWUXFWXUHV IRU WKH XVH DV SDWLHQWVSHFLILF RUWKRSDHGLF SURVWKHVLV ZDV
H[SHULPHQWDOO\DVVHVVHGXVLQJFRPSRVLWHV\QWKHWLFERQHV 6\QWKHWLFERQHVRIIHUVLJQLILFDQWO\ OHVVYDULDELOLW\ WKDQ
FDGDYHULFVDPSOHVOLNHO\GXHWRWKHKLJKDQDWRPLFYDULDELOLW\DPRQJFDGDYHULFVDPSOHV(OIDU6WDQEXU\HWDO
6DZERQHV&RPSRVLWHERQHVDOVRSURYLGHFRQVLVWHQWJHRPHWULFDQGVWUXFWXUDOSURSHUWLHVZKLFKLVDYDOXDEOH
DVVHWLQDUDQJHRIELRPHFKDQLFDODQDO\VHVDQGWHVWLQJSURFHGXUHVWKDWRWKHUZLVHZRXOGEHGLIILFXOWWRDFKLHYHXVLQJ
KXPDQRUIRUPDOLQIL[HGERQHVGXHWRWKHLUDVVRFLDWHGJHRPHWULFDQGPHFKDQLFDOYDULDELOLW\&RPSRVLWHF\OLQGHUV
UHSOLFDWLQJWKHSHUIRUPDQFHRIQDWXUDOFRUWLFDODQGFDQFHOORXVERQHVDUHVRXUFHGIURP3DFLILF5HVHDUFK/DERUDWRULHV
,QF6DZERQHV6LPXODWHGFRUWLFDOVHFWLRQRIWKHF\OLQGHULVPDGHIURPILEUHUHLQIRUFHGHSR[\DQGVLPXODWHG
FDQFHOORXVERQHLVPDGHIURPSRO\XUHWKDQHIRDP7KHPDWHULDOSURSHUWLHVRIWKHFRPSRVLWHERQHVDUHOLVWHGLQ7DEOH

7DEOH6LPXODWHG&RUWLFDODQG&DQFHOORXV%RQHSURSHUWLHV$670'6DZERQHV
$QH[DPSOHRIDFROXPQKHDGLQJ &RUWLFDO %RQH
(SR[\
&DQFHOORXV %RQH
3RO\XUHWKDQH
'HQVLW\JFF  
&RPSUHVVLYH6WUHQJWK03D  
&RSUHVVLYH0RGXOXV*3D  

$FDVH VWXG\RIGLVWDO IHPXUZDV VHOHFWHG IRU WKLV H[SHULPHQW'LPHQVLRQVZHUHPHDVXUHG IURP&7 VFDQGDWD
)LJRIDIHPXURIDKHDOWK\DGXOWDVIROORZV
x HTXLYDOHQWRXWHUGLDPHWHU PP
x WKLFNQHVVRIFRUWLFDOERQH PP
x OHQJWKRIHDFKVDPSOH PPEDVHGRQ$670(

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
)LJ6HOHFWLRQRIFRPSRVLWHERQHGLPHQVLRQVEDVHGRQIHPXU&7VFDQDFTXLUHGXVLQJ0LPLFV,QQRYDWLRQ6XLWH
5HVHFWLRQZDVSHUIRUPHGRQ WKHFXW VDPSOH LQRUGHU WR VLPXODWHVXUJLFDO UHVHFWLRQRI WLVVXH E\YROXPH
LQFOXGLQJWXPRXUDQGGLVHDVHIUHHWLVVXHDVVXUJLFDOPDUJLQ6XUJLFDOUHVHFWLRQVEH\RQGWKHVSHFLILHGOLPLWZLOOUHVXOW
LQXQVWDEOHORDGLQJRIWKHLPSODQWDQGWKXVLVGHHPHGLQIHDVLEOHWREHWUHDWHGXVLQJSURSRVHGPHWKRG)LJVKRZV
UHVHFWLRQRIWLVVXHIURPWKHFRPSRVLWHF\OLQGHUDVVKRZQLQ)LJ


)LJ&RPSRVLWHERQHUHVHFWLRQSODQ
5HVHFWHGYROXPHZDVXVHGDVWKHGHVLJQGRPDLQIRUJHQHUDWLRQRIODWWLFHVWUXFWXUHV3HULRGLFODWWLFHVWUXFWXUHVRI
DQGUHODWLYHGHQVLW\ZHUHJHQHUDWHGDQGRSWLPLVHGEDVHGRQPDQXIDFWXUDELOLW\FULWHULRQIRU6/0)L[DWLRQ
EUDFNHWVZHUHDWWDFKHGWRWKHODWWLFHVWUXFWXUHWRHQVXUHULJLGFRQWDFWDQGSUHYHQWVOLSSDJHXQGHUORDGLQJDVVKRZQLQ
)HKOHU 9HUZHLVTXHOOH NRQQWH QLFKW JHIXQGHQ ZHUGHQ F 7KH JHQHUDWHG ODWWLFH VWUXFWXUHV ZHUH DVVHVVHG IRU
FRPPRQPRUSKRORJLFDO HUURUV SULRU WRPDQXIDFWXUH XVLQJ0DWHULDOLVH0DJLFV 0DJLFVZDV DOVR HPSOR\HG IRU
VXSSRUWJHQHUDWLRQVOLFLQJDQGWRROSDWKJHQHUDWLRQIRU6/0+/PDQXIDFWXUHXVLQJ7L$O9SRZGHU


;ĂͿ

;ďͿ ;ĐͿ
)LJ/DWWLFHVWUXFWXUHVPDQXIDFWXUHGXVLQJSURSRVHGPHWKRGVXEMHFWWR2SWLPDO2ULHQWDWLRQDOJRULWKP0DQXIDFWXUDEOHDQJOHWKUHVKROG 
IRUWKHWHVWLQJERQHLPSODQWLQWHUIDFHDWDDQGEUHODWLYHGHQVLW\FFRPSRVLWHF\OLQGHUSULRUWRDQGSRVWUHVHFWLRQDQGLPSODQW
LQVHUWLRQ
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,PSODQWVZHUH VFUHZHGXVLQJVWDQGDUGVFUHZVRI OHQJWKHTXDO WR WKH WKLFNQHVVRI WKH ILEUH UHLQIRUFHGHSR[\ WR
HQVXUHULJLGPHFKDQLFDOIL[DWLRQ7KHSUHSDUHGVDPSOHVZHUHVXEMHFWHGWRFRPSUHVVLYHWHVWLQJ3ULRUWRWKHWHVWLQJRI
ODWWLFH LPSODQW WKH EXON DQG UHVHFWHG F\OLQGHUVZHUH VXEMHFWHG WR FRPSUHVVLYH ORDGLQJ WR HVWLPDWH WKH DVVRFLDWHG
VWLIIQHVVDQG ORDGFDUU\LQJFDSDFLW\5HGXFWLRQRIDSSUR[LPDWHO\RI ORDGFDUU\LQJFDSDFLW\ZDV UHFRUGHGIRU
UHVHFWHGFRPSRVLWHF\OLQGHUDQGFRPSDUHGWREXONVWUHQJWK

)LJ%RQHLPSODQWLQWHUIDFHSHUIRUPDQFHXQGHUFRPSUHVVLYHORDGLQJVKRZLQJFRPSDULVRQRIEXONFRPSRVLWHF\OLQGHUUHVHFWHGFRPSRVLWH
F\OLQGHUDQGUHVHFWHGFRPSRVLWHF\OLQGHUVZLWK$0ODWWLFHLPSODQWVZLWKDQGGHQVLW\
8VH RI ODWWLFH LPSODQW RI  DQG  UHODWLYH GHQVLW\ UHVXOWHG LQ  DQG  UHFRYHU\ RI ORDG FDUU\LQJ
FDSDFLW\DWWKHLQWHUIDFHUHVSHFWLYHO\)DLOXUHRILPSODQWHGF\OLQGHUVLVGLVWLQFWIURPWKHFRPSRVLWHF\OLQGHUDVWKH
LPSODQWH[SHULHQFHVSRVW\LHOGEXFNOLQJDQGEULWWOHIUDFWXUHRIVWUXWVUHVXOWLQJLQDVKDUSGURSLQORDG&RPSUHVVLYH
VWLIIQHVVRIWKHEXONUHVHFWHGDQGLPSODQWHGF\OLQGHULVFRPSDUHGLQ)LJ
,WFDQEHVHHQIURPWKHILJXUHWKDWWKHVWLIIQHVVRIWKHFRPSRVLWHF\OLQGHUGURSVE\DURXQGDIWHUUHVHFWLRQ
8VLQJ WKH ODWWLFH LPSODQW WKH VWLIIQHVV FDQ EH IXOO\ UHFRYHUHG VXFK WKDW WKH VWLIIQHVV RI WKH LPSODQW DQG ERQH LV
VWDWLVWLFDOO\ LQGLVWLQJXLVKDEOH IURP WKH VWLIIQHVV RI LQLWLDO ERQH 7KLV RXWFRPH FRQILUPV WKH VXLWDELOLW\ RI ODWWLFH
JHQHUDWHG XVLQJ WKH UHVHDUFK RXWFRPHV RI WKLVZRUN IRU WKH just-in-timePDQXIDFWXUH RI ORDG EHDULQJ$0 ODWWLFH
LPSODQWV




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
)LJ&RPSDULVRQRI<RXQJ¶VPRGXOXVIRUEXONUHVHFWHGDQGLPSODQWHGF\OLQGHUV%RQHUHVHFWLRQZLWKRXWLPSODQWVLJQLILFDQWO\UHGXFHV
<RXQJ¶VPRGXOXV%RWKGHQVHDQGGHQVHLPSODQWVGHVLJQHGXVLQJ0HWKRG±,)(PHVKEDVHGPHWKRGDUHVWDWLVWLFDOO\
LQGLVWLQJXLVKDEOHIURPWKHSDWLHQWVSHFLILF<RXQJ¶VPRGXOXV
&RQFOXVLRQV
1RYHO$0SURVWKHVLVGHVLJQDQGRSWLPLVDWLRQPHWKRGVDUHSURSRVHGLQWKLVUHVHDUFK7KHERQHLPSODQWLQWHUIDFH
ZDV DVVHVVHG XVLQJ FRPSRVLWH ERQH F\OLQGHUV 7KH FRPSRVLWH F\OLQGHUVZHUH WHVWHG XQGHU FRPSUHVVLRQ IRU EXON
UHVHFWHGDQGLPSODQWHGFRQGLWLRQV,WZDVFRQFOXGHGIURPWKHH[SHULPHQWV WKDWSURSRVHGODWWLFHVWUXFWXUHLPSODQWV
QRW RQO\ HQDEOH WKH UHFRYHU\ RI WKH ORDG FDUU\LQJ FDSDFLW\ RI WKH UHVHFWHG ERQH EXW DOVR HQDEOH VWDWLVWLFDOO\
HTXLYDOHQWVWLIIQHVVRIWKHLPSODQWZLWKWKHVXUURXQGLQJERQHWLVVXH7KLVSURYHVWKDWWKHSURSRVHGPHWKRGVFDQEH
HIIHFWLYHO\DSSOLHGWRDXWRPDWLFDOO\GHVLJQODWWLFHVWUXFWXUHVWKDWDUHFRPSDWLEOHZLWKVXUURXQGLQJWLVVXHSURSHUWLHV
DVLVUHTXLUHGIRUMXVWLQWLPHLPSODQWGHVLJQ
5HIHUHQFHV
$PHGGDK+DQG0$VVDV7KUHHGLPHQVLRQDO'ELRFDGPRGHOLQJRIKXPDQNQHH$GYDQFHG6FLHQFH/HWWHUV
$670&RPPLWWHH)RQ$GGLWLYH0DQXIDFWXULQJ7HFKQRORJLHV9ROXPH
&KHQ<$QDFFXUDWHVDPSOLQJEDVHGPHWKRGIRUDSSUR[LPDWLQJJHRPHWU\&RPSXWHU$LGHG'HVLJQ
(OIDU-66WDQEXU\50*0HQRUFDDQG-'5HHG&RPSRVLWH%RQH0RGHOVLQ2UWKRSDHGLF6XUJHU\5HVHDUFKDQG(GXFDWLRQ7KH
-RXUQDORIWKH$PHULFDQ$FDGHP\RI2UWKRSDHGLF6XUJHRQV
(OOLQJZRRG%5'95RVRZVN\</LDQG-+.LP)UDJLOLW\DVVHVVPHQWRIOLJKWIUDPHZRRGFRQVWUXFWLRQVXEMHFWHGWRZLQGDQG
HDUWKTXDNHKD]DUGV-RXUQDORI6WUXFWXUDO(QJLQHHULQJ
)UDQJRSRO'0DQG-3&XUOH\(IIHFWVRIGDPDJHDQGUHGXQGDQF\RQVWUXFWXUDOUHOLDELOLW\-RXUQDORI6WUXFWXUDO(QJLQHHULQJ8QLWHG
6WDWHV
)XFKV.+0LQLPDOO\LQYDVLYHVXUJHU\(QGRVFRS\
*LEVRQ/-DQG0)$VKE\&HOOXODU6ROLGV6WUXFWXUHDQG3URSHUWLHV&DPEULGJH8QLYHUVLW\3UHVV
*QJ|U06$IúDU(g]EDúOÕDQG&(*HQLP7KHURERWLFPHWURSODVW\LQDSDWLHQWZLWKK\EULGVHSWDWHYDULDQWDQRPDO\-RXUQDORI
5RERWLF6XUJHU\
.HPPRNX'7&$5/DXUHWL 3<1RULWRPL DQG -9/6LOYD %LR&$' WHFKQLTXHV([DPSOHRQPD[LOOD IRU UDSLG H[SDQVLRQ
VLPXODWLRQ ,QQRYDWLYH'HYHORSPHQWV LQ9LUWXDO DQG3K\VLFDO3URWRW\SLQJ 3URFHHGLQJVRI WKHWK ,QWHUQDWLRQDO&RQIHUHQFHRQ$GYDQFHG
5HVHDUFKDQG5DSLG3URWRW\SLQJ
/HDU\07.URQ&.HOOHU5)UDQLFK3/RQVNL$6XELF DQG0%UDQGW  $GGLWLYHPDQXIDFWXUH RI FXVWRP UDGLDWLRQGRVLPHWU\
SKDQWRPV$QDXWRPDWHGPHWKRGFRPSDWLEOHZLWKFRPPHUFLDOSRO\PHU'SULQWHUV0DWHULDOV	'HVLJQ
/HWKDXV%/3RRUW5%|FNPDQQ56PHHWV57ROEDDQG3.HVVOHU$GGLWLYHPDQXIDFWXULQJIRUPLFURYDVFXODUUHFRQVWUXFWLRQRIWKH
PDQGLEOHLQSDWLHQWV-RXUQDORI&UDQLR0D[LOORIDFLDO6XUJHU\
0DJLFV 0  0DWHULDOLVH 0DJLFV WKH 0RVW 3RZHUIXO ' 3ULQWLQJ 6RIWZDUH   5HWULHYHG   IURP
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